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Table I. Summary of germanium etching results 
Etch rate 
Etch (~m/min) Comments 
30:1:1 0.4 Hillocks 
HNO3:CH3COOH:HF 
10 min 
No agitation 
20:1:1 1.1 Hillocks, scratches 
HNO~:CH3COOH:HF 
10 min 
No agitation 
10:1:1 3.4 Rough surface 
HNO3:CH3COOH:HF 
10 rain 
No agitation 
18:8:5 13 Polishing, few 
HNO3:CH~COOH:HF ripples, best 
3 min morphology 
Manual agitation 
18:8:5 11 Hillocks 
HNO3:CH3COOH:HF 
2 min 
Ultrasonic agitation 
5:3:3 (CP-4A) 25 Hillocks 
HNO3:CH3COOH:HF 
5 min 
No agitation 
5:3:3 (CP-4A) 26 Hillocks 
HNO3:CH3COOH:HF 
30s , 
Manual agitation 
10:1:1 0.44 Hillocks, scratches 
H2SO4:HNO3:HF 
5 min 
NO agitation 
10:1:1 1.2 Hillocks, scratches 
H2SO4:HNO~:HF 
10 min 
Ultrasonic agitation 
1:1:10 0.33 Scratches 
H202:HF:H20 
60 min 
No agitation 
1:1:4 1.7 Scratches 
H202:HF:H20 
5 min 
No agitation 
10:1:2 (Caro's etch) 0.01 Very slow, hillocks 
H2SO4:HzO2:H20 
30 min 
No agitation 
HNO3:CH3COOH:HF etches  wi th  a h igh  H F  con ten t  were  
no t  used  s ince they  have  been  found to leave b rown  stains 
of  inso lub le  GeO (3). E tches  wi th  lower  H F  concen t ra t ions  
were  s lower  and bubbled  less. These  solut ions still re- 
qu i r ed  agi tat ion,  and left  r ipples  on the  t rea ted  surfaces.  
Other  e tch  formula t ions  were  inves t iga ted  in this study. 
Caro ' s  e tch  (H2SO4:H~O2:H20) used  in a 10:2:1 formula t ion  
by vo lume,  was found  to be  nonpo l i sh ing  and slow. The 
e tch  process  was l imited by the  d issolut ion of  GeO2 in 
wa te r  (5), and was found  to r e m o v e  only  0.4 ~m after 30 
mm.  H202:HF:H20 (Superoxol  e tchant)  solut ions are 
faster,  bu t  n o n p o l i s h i n g  This  e tch sys tem has been  inves- 
t iga ted  previous ly  and found (6) to leave hi l locks and pits 
on the  surface.  They  seem to be  l imi ted  by the  Ge oxida- 
t ion  k ine t ics  and react ion p roduc t  removal ,  even  in ve ry  
d i lu te  formula t ions  (such as 1:1:20 by volume)  (7). 
A four th  we t  chemica l  sys tem employed  was 
H~SO2:HNO3:HF. This  e tch  is faster  than  Caro 's  e tch  due  to 
the  addi t ion of  the  complex ing  agent  HF. This  e tch  was 
also found  to be nonpo l i sh ing  and left  hi l locks on the  
t rea ted  surface,  in spi te  o f  the  h igh  viscosi ty  of  H2SO4. 
Summary 
The  chemica l  pol i sh ing  of  Ge  subst ra tes  for subsequen t  
ep i t axy  has been  invest.igated. Various chemica l  e tches  for 
g e r m a n i u m  have  been  studied,  and the resul ts  summar-  
ized in Table  I. It  is found that  only solut ions f rom the  
HNO3:CH3COOH:HF family  are polishing,  wi th  best  re- 
sul ts  ob ta ined  f rom a 2-3 min  t r ea tmen t  in an 18:8:5 parts  
by  v o l u m e  formulat ion.  
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Contact Resistance Measurements in GaAs MESFET's and 
MODFET's by the Magneto-TLM Technique 
D. C. Look* 
University Research Center, Wright State University, Dayton, Ohio 45435 
ABSTRACT 
The s tandard  t ransmiss ion- l ine  mode l  (TLM) for specific contac t  resis t ivi ty m e a s u r e m e n t s  of  p lanar  contacts  is im- 
p roved  in two ways: (i) the  addi t ion  of  a magne t ic  field, wh ich  gives the  mobi l i ty  and carr ier  concen t ra t ion  of  the  bu lk  ma- 
terial,  and  the  mobi l i ty  of  the  mater ia l  unde r  the  contact ;  and (ii) an ex tens ion  to two  layers, which  makes  the  mode l  appli- 
cable  to M O D F E T  structures .  The  results  are appl ied  to GaAs M E S F E T  material ,  and A1GaAs/InGaAs M O D F E T  material .  
One  conc lus ion  conce rn ing  the  lat ter  mater ia l  is that  the  InGaAs  e lec t rons  d i rec t ly  benea th  the  annea led  Au/Ge/Ni  con- 
tacts  have  lower  mobi l i ty  than  those  in the  bulk,  bu t  still main ta in  2DEG character .  
The  cont inua l  r educ t ion  of  GaAs and Si dev ice  d imen-  
s ions has  p laced increased  demands  on ohmic  contac t  per- 
fo rmance ,  s ince it is usua l ly  necessary  to keep  contac t  re- 
s i s tances  wel l  be low intr insic  device  res is tances  (1). 
*Electrochemical Society Active Member. 
Concomi t an t  wi th  the  need  for i m p r o v e d  contac t  perform- 
ance  is the  need  for n e w  and improved  contac t  meas-  
u r e m e n t  t echniques .  Fo r  p lanar  contacts,  a popula r  tech-  
n ique  at p resen t  is based on the  t ransmiss ion- l ine  mode l  
(TLM) (2), as appl ied to the  test  pa t te rn  in Fig. 1. The  pa- 
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Fig. 1. (a) The TLM pattern used in this study. The nominal dimen- 
sions of I1, 12,/3, 14, Ir and w, are 2, 4, 6, 10, 40, and 65 I~m, respec- 
tively. (b) Planar and (c) diffused contacts in MESFET material. (d) Pla- 
nar and (e) diffused contacts in MODFET material. 
r ame te r s  d e d u c e d  f rom this mode l  inc lude  r~, the  shee t  re- 
s is tance  of  the  bu lk  mater ia ls  be tween  the  contacts ,  and 
p~R~, whe re  p= is the  specific contac t  res is t iv i ty  of  the  meta l /  
s e m i c o n d u c t o r  (M/S) barrier,  and R~ is the  shee t  res is tance 
of  t he  mater ia l  unde r  the  contacts.  It  is clear that  we  can- 
no t  d e t e r m i n e  Pc wi thou t  a s suming  that  R~ = r~, and there  is 
no a priori way  of m a k i n g  this c la im wi thou t  a supp lemen-  
tary measu remen t .  One  such  supp l emen ta ry  m e a s u r e m e n t  
invo lves  t he  so-called " e n d  res is tance,"  wh ich  is deter-  
m i n e d  by m e a n s  of  a th i rd  contac t  (3). Ano the r  way  to get  
i n fo rma t ion  on R~ is to use  a magne t i c  field in con junc t ion  
wi th  the  usua l  TLM measurement s .  This  recent ly- intro-  
d u c e d  t e c h n i q u e  (4), cal led the  magne to -TLM (MTLM), de- 
t e rmines  the  mobi l i ty  ~t= of  the  mater ia l  unde r  the  contact ,  
as wel l  as the  mobi l i ty  ~ and shee t  carr ier  concen t ra t ion  n~ 
of  the  bu lk  material .  I f  ~ = ~, t hen  it can  be  safely as- 
s u m e d  that  R~ = r~, and Pc can be de te rmined .  I f  ~o ~ ~, still 
it m a y  be  poss ible  to es t imate  R~ and thus  pc. 
A l t h o u g h  the  usual  TLM and MTLM m e t h o d s  w o r k  wel l  
for s ingle- layer  devices,  such  as GaAs meta l - semicon-  
duc to r  f ield-effect  t ransis tors  (MESFET's) ,  t hey  are not  ap- 
p l icable  to two- layer  devices,  such  as A1GaAs/GaAs modu-  
l a t ion-doped  FET ' s  (MODFET's) .  In  a separa te  paper ,  we  
h a v e  fo rmula ted  a two- layer  M T L M  mode l  (5), and will  
app ly  the  resul ts  here. I t  is shown  that  e r roneous  conclu-  
s ions can  be  d r awn  f rom the  one-layer  model .  
Summary of  Theoret ica l  Models  
Cons ider  the  c o m m o n l y - u s e d  test  pa t te rn  shown  in 
Fig. la.  The  res is tance  be tween  any two  ohmic  pads  of  
w id th  w and separa t ion  l will  be  g iven  by 
l 
R = 2Re + r ~ -  [1] 
W 
and  thus  a plot  of  R vs. I will  have  a s lope rJw, and a y-axis 
in tercept ,  2R=. I f  the  contacts  are mode l ed  as t r ansmiss ion  
V ---=__ 
Contact T 
Diffusion I 
\: t LRsl rsl 
i 
j~Rs- ~ -~-rs211-1--- 
: 0-2 . . . . .  L . . . . . . .  
I I I 
Metal 
AIGaAs 
;2DEG 
GaAs 
fc x 0 -s 
Fig. 2. A two-layer distributed-resistance circuit applicable to MOD- 
FET material. Layer 2 is assumed to be mainly due to the 2D electron 
gas, while layer 1 is due to parallel conduction in the doping layer. 
l ines,  and are "e lect r ica l ly  long"  (kl~ ~ 2), then  
R~ ~/R~p~ 
Re - - - -  [2] 
w k  w 
where  Rs and p= were  def ined earlier, and k = ~/RJp=, the  in- 
ve rse  " t ransfer  length ."  Unless  R~ is k n o w n  or can be  as- 
s u m e d  equa l  to r~, p~ cannot  be  de te rmined .  Fo r  example ,  i f  
the re  is apprec iab le  contac t  diffusion,  as i l lus t ra ted in 
Fig. lc ,  t hen  i t i s  doubt fu l  that  Rs = r~. 
In  the  MTLM, a pe rpend icu la r  magne t i c  field is appl ied,  
and  
r~ = % (1 + ~2B2) [3a] 
R~ = R~ 0 (1 + ~tc2B 2) [3b] 
whe re  ~ is the  bu lk  mobi l i ty  and ~tr is the  mobi l i ty  of  the  
mater ia l  unde r  the  contact .  The  val id i ty  of  Eq.  [3a] and [3b] 
is d i scussed  in Ref. (6), bu t  suffice it to say tha t  for de- 
genera te  electrons,  the  case for mos t  M E S F E T ' s  and MOD- 
FET's ,  they  hold  for arbi t rary B ( ignoring q u a n t u m  ef- 
fects). I t  can also be  a rgued  that  p~ is near ly  i n d e p e n d e n t  of  
B (4). Thus,  the  one-layer  M T L M  gives 
l 
R = 2Re(B) + r ~ ( B ) -  
W 
1 + - -  
C 2 -  
l 
= 2Ro0 (1 + ~c~B2) lm+ % (1 + ~2B~) - -  [4] 
W 
where  Rc o = ~-~opc/W. It  is clear  that  plots  of  Re ~ vs. B 2, and 
rs vs. B 2, will  give ~o and t~, respect ively .  S ince  % = 1/en~, 
we can also de t e rmine  ns, the  bu lk  shee t  carr ier  concentra-  
t ion. Thus,  a separate  Hall-effect  m e a s u r e m e n t  is no t  nec- 
essary. 
Fo r  two-layer  mater ia ls  such as the  M O D F E T  s t ructures  
s h o w n  in Fig. ld,  le ,  and 2, ne i ther  Eq. [1] nor  Eq. [4] is ap- 
pl icable,  in general.  However ,  it is poss ible  to solve the  dis- 
t r ibu ted- res i s tance  circui t  of  Fig. 2, in c losed form, if  P~2 
> >  Per We m a y  note  that  Fig. 2 represen ts  a m u c h  dif ferent  
two- layer  c i rcui t  than  the  one  solved recent ly  in Ref. (7), 
since,  in that  work,  the  reg ion  unde r  the  contacts  was no t  
cons ide red  in detail. 
The  solut ion for the  c i rcui t  of  Fig. 2, ifk,l~ and k21c > 2, is 
(5) 
r Rs 1 ] l 
w h e r e  the  C~'s are "cor rec t ion"  factors due  to the  second 
layer  
Rsl  1 
C: = 1 + [6a] 
R~ 1 + k{k2 
1 [klr~:  k2r~2 [ 1 -1 + 
1 + r~2/r~ 1 L k R~ 1 k R~ 2 k{k2 r~lJj 
1 + [ ~ r s 2  l+rsl/rs2 )]  F(kl) 
Rs2 1 + (R,I/Rs2)/(1 + kl/k2 
[6b] 
[6c] 
rs  2 
C 3 - m  
r~: + rs2 
where  kl = ~Rs l /PCl ,  k2 = N/~s2/Pc2, k = N/(rs I + rs2)/Pc2, and 
F(kl) = s inh (kl)/[1 + cosh (kl)]. Note  that  for kl ~< 1, F(k/) 
kl/2, whi le  for kl >~ 4, F(kl) = 1. Thus,  the  usual  plot  of  R vs. l 
will  not  be  l inear  for the  two-layer  case unless  l ~> 4k -1, for 
all I. For  our  sample,  kl ~> 4 w h e n  l ~> 2.5 ~m, wh ich  in- 
c ludes  three  of  the  four  l va lues  in the  TLM pattern.  Note  
also that  Eq.  [5] reduces  direct ly  to Eq.  [1] w h e n  rs~ ~ =, 
whereas  it migh t  have  been  expec t ed  that  the  contact-  
layer  2 paramete rs  should  enter,  due  to the  possibi l i ty  of  
cur ren t  mix ing  still be ing  able  to occur  in the  contacts .  
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Fig. 3. Resistance vs .  contact spacing for GaAs MESFET material at 
296 K. Port (b) is an ex'pansion of part (a) near the origin. 
C~ 
v n" 
10 
However ,  t he  t h e o r y  does  no t  a l low th i s  poss ib i l i ty ,  be- 
cause  of  t he  or ig ina l  a s s u m p t i o n  P~2 > > Pc~, w h i c h  was  nec-  
e s sa ry  for a c losed- fo rm so lu t ion  of  t he  d i f fe ren t ia l  equa-  
t ions .  (If  Pc2 > >  pc~, t h e n  c u r r e n t  e n t e r i n g  con tac t - l aye r  1 
f r o m  bu lk - l aye r  1 will  no t  m i x  in to  con tac t - l aye r  2, b u t  will  
f low d i rec t ly  in to  t he  con t ac t  metal . )  Fo r tuna t e ly ,  l i tera- 
50 
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30 ~0 n- 
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Fig. 4. Plots of bulk sheet resistance (r,) and contact resistance 
squared (R~ ~) vs. B ~ for MESFET material [(a)] and (a')] at 2 96  K, and 
MODFET material [(b) and (b')] at 77 K. 
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Table I. Bulk and contact parameters for a MESFET (calculated from 
Eq. [4]) 
Parameter Symbol Value 
Contact resistance R~ 0 4.5~ 
Normalized contact resistance r~ 0 0.2912-mm 
Bulk sheet resistance r~ 0 1.37 x 103 fEE] 
Bulk mobility ~ 4.33 • 103 cm2/V-s 
Bulk sheet carrier n~ 1.05 x 10 '2 cm -2 
concentration 
Mobility under contact ~ 4.3 x 103 cm2/V-s 
Specific contact resistivity p~ 6.3 x 10 -~ f~-cm 2~ 
~Assuming that R~ 0 = r, 0. 
t u r e  va lues  (1, 7), sugges t  t h a t  Pc~ = 10 6 f~_cm 2, a n d  pc~ 
10 -5 ~ - c m  2, so t h a t  P~2 > >  Po;, as r equ i red .  
T h e  two- laye r  M T L M  is s i m p l y  Eq.  [5] a long  w i t h  t h e  
m a g n e t o r e s i s t a n c e  e x p r e s s i o n s  
rsi = rsi0 (1 + i~i~B ~) = (1 + i~i2B2)/ensi~i [7a] 
Rsi = R~i0 (1 + ~ci2B ~) = (1 + p.ci2B2)/en~cip.ci [7b] 
w h e r e  i = 1 or  2, for  t h e  two  layers.  We t h e n  e n d  u p  w i t h  
four  b u l k  pa r ame te r s ,  nsl, I~1, ns2, a n d  ~2, a n d  six c o n t a c t  pa-  
r ame te r s ,  nsc,, ~c,, nsc2, ~c2, Pc,, a n d  Pc2. 
Results and Discussion 
I n  Fig. 3 we  s h o w  the  r e s i s t ance  vs.  con t ac t  spac ing  for  a 
G a A s  M E S F E T  w i t h  Au/Ge /Ni  con tac t s ,  a t  296 K. All R vs.  l 
da t a  we re  f i t ted b y  t h e  l inea r  leas t  s q u a r e s  m e t h o d ,  a n d  t h e  
r e g i o n  n e a r  t h e  o r ig in  is e x p a n d e d  to s h o w  t h e  var ia-  
t i on  of  R~ w i t h  B. D a t a  for  B = 4.5 a n d  13.5 k G  were  also 
t a k e n ,  b u t  a re  no t  s h o w n  in  Fig. 3, for  clari ty.  No te  t h a t  Eq.  
[4] p r e d i c t s  tha t ,  i f  i~c~B ~ < <  1, t h e n  t he  R vs.  l c u r v e s  s h o u l d  
m e r g e  a t  IB = - W R ~ o ~ / R ~ o l  ~2, a n d  indeed ,  th i s  is t h e  case.  In  
Fig. 4 we  h a v e  p lo t t ed  R~ vs.  B 2 a n d  Re 2 vs.  B 2 for  th i s  
M E S F E T ,  c u r v e s  (a) a n d  (a'), r espec t ive ly .  F r o m  t h e s e  
s t r a igh t - l ine  plots ,  we  get  ~ a n d  ~ ,  as s h o w n  in  Tab le  I 
a l o n g  w i t h  o t h e r  ca lcu la ted  resul ts .  He re  i t  is s een  t h a t  r~c = 
I~, a n d  t h u s  we  can  b e  c o n f i d e n t  t h a t  R~ = r~, a n d  t h a t  p~ = 
w2Rc~/Rs = w~Rc2/r~ ~ 6 x 10 -7 ~ - c m  2. Also,  n~ ~ 1.0 x 1012 
c m  -2, w h i c h  agrees  w i t h  Hal l -effect  m e a s u r e m e n t s .  Thus ,  
t h e  u s e  of  t h e  m a g n e t i c  field h a s  g iven  several ,  i m p o r t a n t ,  
a d d i t i o n a l  p ieces  of  i n fo rma t ion ,  a n d  has  s h o w n  t h a t  t h e  
c a l c u l a t e d  pc is i n d e e d  correct .  
A t  a t t e m p t  was  m a d e  to app ly  th i s  s a m e  one- layer  analy-  
sis to  a n  A10.15Ga0.ssAs/In0.~sGa0.85As M O D F E T  s t ruc tu re ,  
w h i c h  h a d  b e e n  p r e v i o u s l y  i n v e s t i g a t e d  b y  severa l  o the r  
t e c h n i q u e s  (8, 9). I f  we  s i m p l y  d r a w  s t r a igh t  l ines  t h r o u g h  
t h e  r aw  R vs.  l data,  a n d  t h e n  p lo t  r~ a n d  R~ 2 vs.  B 2, as de-  
s c r i b e d  above ,  t h e  r e su l t s  are  s h o w n  in  c u r v e s  (b) a n d  (b'), 
r e spec t ive ly ,  of  Fig. 4. I t  is o b v i o u s  t h a t  t h e  one- layer  
m o d e l  fails badly ,  b e c a u s e  t he  l ines  are  no t  s t ra ight ,  espe-  
cial ly r~ vs.  B 2. Thus ,  we  m u s t  a p p l y  a two- layer  mode l .  
T h e  two- layer  MTLM, c o n s i s t i n g  of Eq.  [5] a n d  [7], was  
f i t ted w i t h  a leas t  squa re s  r o u t i n e  to t he  77 K M O D F E T  
da t a  of  Fig. 5. T h e  fit is exce l len t ,  w h e r e a s  t h e  one- layer  fit 
is v e r y  poor.  T h e  10-parameters ,  w h i c h  typ ica l ly  we re  fit- 
t ed  in  a b o u t  2s o n  a DEC8800 c o m p u t e r ,  are  p r e s e n t e d  for  
t w o  t e m p e r a t u r e s  a n d  va r ious  T L M  m o d e l s  in  T a b l e  II. 
S o m e  of  t h e  p a r a m e t e r s  cou ld  no t  b e  d e t e r m i n e d  w i t h  
good  prec i s ion .  However ,  i t  is c lear  t h a t  P~2 > >  P~,, w h i c h  is 
n e c e s s a r y  for  t h e  t h e o r y  to b e  val id.  T h e  v a l u e  of  p~, a b o u t  
1 x 10 -6 ~ - c m  2, is typ ica l  for  Au-Ge-Ni /n+-GaAs bar r ie rs .  
(This  M O D F E T  h a d  a 200A n+-GaAs cap  layer  for  paras i t i c  
r e s i s t a n c e  r educ t ion ;  t h e  res t  of  t he  s t r u c t u r e  c o n s i s t e d  of  
350A n+-A10.1sGa0~sAs, 30A u n d o p e d  A10.,sGa0.ssAs, 200A 
p--In0.15Ga0.85As, a n d  1 ~ m  u n d o p e d  GaAs  (8).) A c c o r d i n g  
to t h e  resul t s ,  con t ac t  layer  1 cons i s t s  of  1 x 10 TM c m  -2 elec- 
t r o n s  w i t h  a m o b i l i t y  of  a b o u t  1200 cm2/V-s; t hb  lat ter ,  un -  
fo r tuna te ly ,  is v e r y  poor ly  d e t e r m i n e d .  Th i s  ca r r i e r  con-  
c e n t r a t i o n  is l ower  t h a n  t h a t  in  t he  bu lk ,  w h i c h  cou ld  b e  
d u e  to a h i g h l y  c o m p e n s a t e d  reg ion  c a u s e d  b y  Ga  out-dif-  
fus ion .  Con tac t - l aye r  2, o n  t h e  o t h e r  h a n d ,  e v i d e n t l y  con-  
s is ts  o f  a la rge  c o n c e n t r a t i o n  (n~ 2 = 1 x 10 '3 c m  -2) of  
h i g h e r  mob i l i t y  e l ec t rons  (~2 = 4000 cm2/V-s). Th i s  h i g h  
c o n c e n t r a t i o n  cou ld  b e  due  to a p p r e c i a b l e  Ge  in-di f fus ion ,  
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Fig. 5. Resistance vs. contact spacing for MODFET material at 77 K. 
The solid line is a two-layer fit, using Eq. [5] and [7], and the dashed 
line is a one-layer fit, using Eq. [4]. 
without as much compensation as in layer 1. The relative 
temperature independence of pr and Pr suggest that each 
is primarily due to a tunnel ing mechanism. Note that this 
conclusion might not have been reached from either of the 
one-layer models, since p~ in these models appears (incor- 
rectly) to have a significant temperature dependence. The 
interpretation of Pc2, the specific resistivity between layers 
1 and 2, may simply involve the heterostructure bar- 
riers. Indeed, calculations and measurements of 
A10.2Ga0.TAs/GaAs barriers give resistivities of about 1 • 
10 -5 f~-cm 2, close to Pc~ (7). However, the regions under  the 
contacts are complex enough that more careful studies are 
needed to properly interpret pr and P~2' 
One very significant finding of this study is illustrated by 
the temperature dependence of ~2, shown in Fig. 6. Also 
shown is the bulk 2DEG mobility, ~2, which follows the 
classical 2DEG temperature dependence, and in fact 
agrees very well with Hall-effect data (8), considering that 
the latter are uncorrected for parallel conduction. The fact 
that t~2 < ~2 is not surprising, since significant diffusion of 
the contacting materials is expected (10). What is interest- 
ing, however, is that the material under  the contact ap- 
pears to retain 2DEG character, as evidenced by the low- 
temperature behavior of the mobility. More samples will 
have to be studied to confirm this fact. 
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Fig. 6. Bulk 2DEG mobility (1~2) and contact 2DEG mobility (~2)  vs. 
temperature. 
The bulk parameters given in Table II, nsl, ns2, ~1, and t~2 
are all quite reasonable, and n~ 2 and Iz2 are very consistent 
with Hall-effect measurements (8). The parallel conduction 
in the bulk A1GaAs, consisting of about 2 x 1012 electrons/ 
cmz with 1500 cm2/V-s mobility, is quite large, but  nonethe- 
less expected from the 350A of heavily doped material. 
Note that the one-layer MTLM gives mobilities which are 
too low, due to its neglect of parallel conduction. Also, the 
two-layer model shows that nsl and n~2 are almost indepen- 
dent  of temperature, which, incidently, is a significant ad- 
vantage of the A10.15Ga0.8~&s/In0.15Gao.8~As system over the 
more common A10.3Ga0.TAs/GaAs system (8). The reason is 
that the DX-center concentration is much lower for the 
former material so that low-temperature freeze-out is not 
as severe a problem. 
In  conclusion, we have shown that the addition of a mag- 
netic field makes possible much more detailed studies of 
the bulk and contact regions, within the transmission-line 
model. The recently derived two-layer model works well 
for MODFET structures, and is especially valuable in con- 
junct ion with temperature-dependent investigations of the 
various parameters. However, some of the parameters in 
this model are not well determined for our sample, or need 
further interpretation, and thus much more work needs to 
be done. 
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Table II. Calculated bulk and contact electrical parameters for a MODFET 
B u l k  
ns2 ns I IL2 ~1 
M o d e l  T(K)  1012 e m  - z  104em2]V-s  
C o n t a c t  
nsc2 nscl ~c2 ~Cl 
1012 cm 2 10 4 cm2/V.s 
Pc2 Pcl 
10-6  l~_cm 2 
T w o - l a y e r  a 300 1.2 • 0A 2.3 • 0.4 0.72 • 0.02 0.15 • 0 .05 
( m a g .  f i e ld )  77 1.3 • 0,1 2.7 • 0.5 2.73 • 0.02 0.11 + 0.02 
O n e - l a y e r  b 300 1.8 • 0.1 0 .58 • 0 .02 
( m a g .  f i e ld )  77 1.3 • 0.1 2.3 • 0.1 
O n e - l a y e r  c 300 rs  = (6.1 • 0.1) • 102 ~l/D 
( n o  m a g .  f i e ld )  77 rs  = (2.0 • 0.1) x 102 ~Y[S] 
11 • 2 0.7 • 0.2 0.4 • 0.1 0 .12 • 0.07 
8 • 5 0.4 -+ 0.3 0.6 • 0.1 0 .06 -+ 0.03 
1.8 -+ 0,1 0 .56 • 0 .02 
1.3 -+ 0.1 1.3 _+ 0.1 
Rs = r s  ( a s s u m e d )  
Rs = r s  ( a s s u m e d )  
9 -+ 4 1,0 • 0.5 
7 • 4 1,0 • 0.5 
0.97 • 0 .02 
2.4 + 0.1 
0 .99 • 0 .02 
2.5 • 0.1 
a C a l c u l a t e d  f r o m  l e a s t  s q u a r e s  f i t  to  E q .  [5] a n d  [7]. 
b C a l c u l a t e d  f r o m  fi t  t o  E q .  [4] a t  l o w  B ,  A s s u m p t i o n  t h a t  nbulk = ncontact* 
C C a l c u l a t e d  f r o m  Eq .  [1] a n d  [2]. A s s u m p t i o n  t h a t  Rs  = rs. 
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Trench Etches in Silicon with Controllable Sidewall Angles 
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ABSTRACT 
This paper describes the role of the temperature of the silicon wafer in controlling a deep trench etch sidewall angle 
and also the etch rate. In addition, we discuss the role of pressure in controlling etch rate and selectivity. This work was 
performed in a Tegal 1500 Test Bench. The temperature of the wafer could be held fixed as a function of t ime at any tem- 
perature between 20 ~ and 200~ Our chemistry is chloroform, CHC13 with 02 and N2 as additives. We have found that the 
sidewall angle of the trench (the angle that the sidewall makes with a normal to the wafer surface) could be varied continu- 
ously from about 32 ~ at 40~ to 7 ~ at 190~ The Sidewalls are typically planar and relatively smooth. The bottom of the etch 
becomes increasingly planar as sidewall angle decreases. In order tbr the above processes to occur, there must  be a small 
flow of N2 through the chamber, e.g., 3-5 sccm. Results from the simulation code SAMPLE suggest that the rate of deposi- 
tion of a material on the etch surface can control sidewall angle. We theorize that a chlorinated hydrocarbon polymer is 
being deposited, and that the wafer temperature is controlling the rate of deposition of the polymer. In  addition to sidewall 
angle, for zero 02, increasing wafer temperature over the range stated above can cause the etch rate to increase with in- 
creasing temperature by 1800 A/min at a nominal etch rate of 4000 A/min. By adding 10% O~ to the gas mixture, the etch 
rate becomes insensitive to temperature. By increasing the total gas pressure to 1.2 torr, an etch rate of 8000 A/min has 
been obtained, with an attendant selectivity in excess of 15. 
Deep trenches in silicon have several important applica- 
tions, such as device isolation and trench capacitors. For 
both applications, a trench that has a depth of two to sev- 
eral micrometers (~m) and a width which can be submi- 
cron to several micrometers is required. The sidewall pro- 
file of the trench is a critical characteristic because it can 
determine the success of these applications. 
Deep trench isolation technology has been demon- 
strated to improve the device performance and integration 
density in bipolar devices (1, 2) and bulk CMOS devices 
(3). Trench isolation has several advantages. First, trench 
isolation reduces the width of the isolation region signifi- 
cantly due to its vertical wall. Second, the deep trench re- 
duces the lateral NPN parasitic transistor gain and thus 
reduces susceptibility to latchup for a given n to p spacing. 
Finally, trench isolation gives higher packing density for 
the same latchup performance since the trench width is 
about 1 ~m in comparison to the min imum 8 ~m spacing 
required for conventional LOCOS isolation (4). 
Morie et al. (5) obtained a depletion capacitor by using 
CBrF3 gas at a pressure of 15 mtorr to etch a trench 0.6 ~m 
wide and more than 1.5 p.m deep. Then the trench was 
refilled with a polysilicon layer on top of 250-300A of oxide. 
A capacitance of more than 40 fF was obtained for a cell 
size less than 35 ~m 2. Arai (6) has reported that for a cell 
size of 85 ~m 2, and using 15 nm of SIO2, a doped face trench 
capacitor with a capacitance of 23 fF was obtained for zero 
trench depth; for 3 ~m trench depth, the other quantities 
being the same, 70 fF was obtained. 
In this paper, we discuss work which has been done to 
construct  deep trenches with the attributes which make 
them particularly applicable to the two applications dis- 
cussed above: a sidewall angle which is fully controllable 
since it has been shown (7) that filling the trench without a 
void forming depends on the sidewall angle; planar side- 
walls which are relatively smooth; a planar trench bottom 
with a rounded corner at a junction of the bottom and a 
sidewall; etch rate and selectivity which are acceptable in 
a manufacturing environment. 
~Present address: VLSI Technology, Inc., San Jose, California. 
2present address: IBM East Fishkill, Hopewell Junction, New 
York. 
We will emphasize the importance of controlling the 
wafer temperature. For example, we will show that trench 
sidewall angle is a sensitive function of wafer temperature. 
To a lesser extent, etch rate and selectivity are also effec- 
ted by this parameter. For example, the sidewall angle can 
be varied from 32 ~ to 7 ~ by changing the wafer temperature 
from 40 ~ to 190~ respectively. Etch rate can be increased 
by 1800 A/min as temperature of the wafer is varied over 
the same range. Finally, we will show that etch rate is a 
sensitive function of total gas pressure. By changing the 
total gas pressure from 300 to 1.2 torr, the etch rate will in- 
crease from 3000 to 8000 ,h./min. The selectivity at the latter 
pressure exceeds 15. 
In the next  section, we define trench parameters. In the 
following sections we discuss: equipment  used; work we 
have done in computer  simulating our trench etches, and 
physical mechanisms the simulation suggests; a quantita- 
tive study of the temperature dependence of sidewall 
angle; and, the parameters which affect etch rate and se- 
lectivity. The final section is a summary and discussion of 
the paper. 
Trench profile.--A sketch of the trench profile that we 
wish to achieve is shown in Fig. 1; it is characterized by a 
width a, depth h, and sidewall angle 0, measured with re- 
spect to the normal to the wafer surface. It is highly desir- 
able that these three parameters should remain indepen- 
dently controllable. For the process that we have 
developed, we will show that this is the case. 
For our process, the width at the top of the etch, a, is de- 
termined by and is nearly identical with the width of the 
window in the mask, i.e., the mask line width. This param- 
eter remains fixed during the etch time. As we have stated 
above, the sidewall angle 0 is an extremely sensitive func- 
tion of the wafer temperature. The etch depth is sensitive 
to the total gas pressure and, of course, the etch time. It is a 
weak function of wafer temperature. 
A scanning electron micrograph (SEM) of a trench 
which looks similar to the sketch in Fig. 1 is shown in 
Fig. 2a. Notice that the sidewalls and trench bottom are 
planar, and that these surfaces are relatively smooth. 
